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ABSTRACT OF THE THESIS 
 
Three-Dimensional Boron Cluster Pharmacophores 
 
by 
 
Azin Saebi 
 
Master of Science in Biochemistry, Molecular and Structural Biology 
University of California, Los Angeles, 2017  
Professor Alexander Michael Spokoyny, Chair 
 
Carbon-rich aromatic molecules have been historically utilized as major building blocks for 
assembly of complex molecular architectures due to the vast development of methods for fine-
tuning their properties. Yet, the classical toolbox of 2D aromatic building blocks presents inherent 
topological limitations, which sometimes is referred to as “molecular flatland”. Boron clusters 
introduce potentially a powerful solution for addressing this limitation by offering an inherently 
rigid, three-dimensional scaffold available for dense functionalization. In biological systems, this 
dense functionalization can be exploited to enhance specific interactions with protein surfaces. In 
this thesis, the application of boron clusters as novel pharmacophores has been investigated in two 
cases: 1) development of rigid and atomically precise nanomolecules and 2) development of 
isoform-specific and blood-brain barrier permeable histone deacetylase inhibitors. 
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Chapter 1: Development of Atomically Precise Organomimetic Cluster Nanomolecules 
1. 1. Introduction 
Signal transduction is integral to the communication between cells and the extracellular 
environment. The majority of signals are initiated and propagated through binding events between 
proteins, and can involve multiple specific interactions between their surfaces. Such multivalent 
interactions are important because they boost the binding strength and furthermore result in 
efficient signal transduction with high fidelity.1,2 
Due to the important functions multivalency serves in nature, chemists have been interested 
in exploiting multivalency for the synthesis of protein-binding ligands. These pharmaceutical 
ligands are designed to incorporate multivalency in order to promote both the binding and 
selectivity toward their target. A well-studied example of a multivalent synthetic system is gold 
nanoparticles (AuNPs) capped with thiolated ligands.3,4 AuNPs are able to display ligands with 
tunable density on their surfaces, exploiting multivalency for target recognition. Moreover, the 
AuNPs are easily synthesized and are often biocompatible, which are desirable characteristics for 
applications within the biological systems.5 Nonetheless, the gold-thiolate bond is weak (40-50 
kcal mol-1) and quite susceptible to thiol-ligand desorption and exchange in solution.3,6,7 Therefore, 
AuNPs lack the atomic precision needed to study biological systems.8,9  
We set out to address this issue through the development of atomically precise hybrid 
nanomolecules that feature robust molecular structure, such that the composition remains fully 
well-defined in biological systems (Figure 1-1). The proposed nanomolecules feature three main 
components: 1) a rigid and stable inorganic cluster as the core of nanomolecule, 2) thiolated ligands 
densely packed on the surface and 3) perfluoroaromatic “linker” moieties, covalently connecting 
the ligands to the core. We chose to utilize the closo-dodecaborate cluster as the core structure –  
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this robust scaffold exhibits convex icosahedral geometry with the 12 vertices occupied by boron 
atoms.10-12 This cluster can be perfunctionalized such that each vertex is covalently attached to the 
linker.13-15 On the other side of the linker, a perfluoroaryl ring is displayed, which in the presence 
of thiolated ligands and an appropriate base, can undergo efficient ‘click’-like nucleophilic 
aromatic substitution (SNAr) chemistry under mild conditions. The product is a fully covalent 
organomimetic cluster nanomolecule (OCN) displaying 12 copies of the ligand on its surface. Due 
to the facile nature of the SNAr chemistry, assembly of OCNs is comparable to that of AuNPs in 
terms of synthetic ease.16-19 Furthermore, a wide scope of thiols (small molecules, sugars, 
polymers, peptides) have been used to assemble the OCNs, indicating high tolerance for other 
functional groups. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-1. Comparison of AuNPs with OCNs. Panel a depicts schematic of a gold nanoparticle coated with 
thiolated ligands. Panel b is the schematic of the proposed OCNs, constructed with fully covalent linkages. 
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 One of the most attractive features of AuNPs is their size tunability. In contrast to AuNPs, 
the OCNs have an inherently defined core that cannot be adjusted in size. Thus, the key to tuning 
the size of OCNs lies in the design of the linker molecule. The simplest linker consists of a single 
pentafluoroaromatic ring (G1 linker, Figure 1-2a). However, the linker can be rationally extended 
by the addition of a second aromatic group, operating as a spacer, giving rise to the G2 linker 
(Figure 1-2b). We have shown that OCNs can be assembled with either the G1 or G2 linkers 
(Figure 1-3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-2. G1 and G2 linkers both feature a perfluoroaromatic ring to facilitate SNAr chemistry.  
Figure 1-3. OCNs can be synthesized with either G1 or G2 linkers, leading to synthesis of G1 and G2 OCNs 
respectively. 
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As confirmed by single crystal X-ray diffraction, the addition of the second aromatic ring 
increases the particle size from 1.9 nm with G1 linker to 2.7 nm with G2 linker, while retaining 
the rigidity of the resulting OCN (Figure 1-4). In this thesis, I will describe the synthesis of the 
G2 linker molecule. Furthermore, I will also describe the synthesis of a polymeric ligand, thiolated 
methoxypoly(ethylene glycol) (mPEG-SH). mPEG-SH is utilized in synthesis of PEGylated 
OCNs, which are highly hydrophilic and stable in biologically-relevant media.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 1-4. Crystal X-ray diffraction results confirms the size tunability of OCNs. OCNs constructed with G1 
linker are 1.9 nm, whereas the OCNs with G2 clusters are 2.7 nm. Ball-and-stick representations of the single-
crystal X-ray structures are depicted on left and the space-filling representations are on right. 
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1. 2. Methods 
1. 2. 1. Synthesis of G2 Linker 
General Considerations 
The G2 linker was synthesized through the reaction scheme depicted in Figure 1-5. The 4-
pentafluorophenyl benzaldehyde (starting material) was synthesized. 
 
 
 
 
Synthesis of 4-pentafluorophenyl (hydroxymethyl) benzene 
  
A solution of 4-pentafluorophenyl benzaldehyde (0.900 g, 3.30 mmol) and sodium borohydride 
(0.150 g, 3.96 mmol) in 14 mL tetrahydrofuran and 7 mL ethanol was prepared and placed under 
a positive nitrogen flow. The mixture was stirred at room temperature for 24 hours. The resulting 
dark solution was diluted with water (30 mL) and extracted with methylene chloride (30 mL). The 
organic layer was washed three times with H2O, dried over MgSO4, and filtered through Celite. 
The solvent was then dried in vacuo. The residue was purified by flash chromatography (eluent: 
DCM; Rf = 0.4) through a silica column, using UV light for TLC visualization. The resulting 
solution was dried under vacuum, providing 4-pentafluorophenyl (hydroxymethyl) benzene as a 
white solid (0.705 g, 78%). 
HO
F F
F
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F F
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F
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RT, 24 h
PBr3
CH2Cl2
0°C, 15 h
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Figure 1-5. The scheme for synthesis of the G2 linker. 
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Synthesis of 4-pentafluorophenyl (bromomethyl) benzene 
  
A flask containing 4-pentafluorophenyl (hydroxymethyl) benzene (1.00 g, 3.65 mmol) was purged 
with nitrogen and 30 mL of dry methylene chloride was charged into the flask. The solution was 
placed in ice bath and PBr3 (346 µL, 3.65 mmol) was added with a syringe. Reaction mixture was 
stirred overnight (15 hours), turning into a yellow color. The resulting mixture was then diluted 
with 100 mL distilled H2O. The organic layer was separated and washed 3 times with saturated 
NaCl solution. Organic layer was collected and dried over MgSO4, then filtered through Celite. 
Solvent was evaporated and the residue was purified by flash chromatography (hexane/DCM, 2:1; 
Rf = 0.75) through a silica column, using UV light for TLC visualization. The resulting solution 
was dried under vacuum, providing 4-pentafluorophenyl (bromomethyl) benzene as a white solid 
(0.773 g, 63%).   
 
  
Br
F F
F
FF
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H3C O OH16
CBr4, PPh3
ACN
RT, 4 h
CH3COSK 
EtOH
80°C, 5 h
H3C O Br16
H3C O S16 O
H3C O SH16
HCl
120°C, 2 h
1. 2. 2. Synthesis of mPEG-thiol Ligand 
General Considerations 
The mPEG-thiol was synthesized through the reaction scheme depicted in Figure 1-6. The starting 
material, mPEG750 with average molecular weight of 750 Da, was purchased from Acros Organics 
and used without further purifications. 
 
 
 
 
 
 
 
Synthesis of mPEG-Br  
  
In a round bottom flask, mPEG750 (7.50 g, 10.00 mmol) and CBr4 (3.98 g, 12.00 mmol) were 
dissolved in 40 mL of acetonitrile. To the stirring solution, PPh3 (3.15 g, 6.00 mmol) was added 
in small portions over 30 minutes. The mixture was then left stirring at room temperature. After 4 
hours, the solvent was removed in vacuo and the resulting yellow-orange oil was dissolved in 20 
mL of H2O and left at 4° C overnight, producing a white precipitate. The mixture was filtered 
through Celite* on a glass frit and the filtrate was washed twice with 5 mL of toluene. The aqueous 
layer was dried in vacuo to yield the desired product (7.08 g, 87%).  
H3C O Br16
Figure 1-6. The scheme for synthesis of the G2 linker. 
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*Celite was pretreated on the frit by washing with 30 mL of H2O before the mixture was filtered.  
Synthesis of mPEG-SAc 
  
To a solution of mPEG-Br (1.07 g, 1.32 mmol) in 35 mL of ethanol, potassium thioacetate (0.20 
g, 1.75 mmol) was added in one portion. The mixture was refluxed at 120°C for 5 hours. The 
resulting suspension was filtered through Celite and the filtrate was dried under vacuum, affording 
a brown oil. The oil was dissolved in 40 mL of chloroform and the organic phase was washed 
twice with H2O. The organic layer was dried over Na2SO4 and filtered through Celite. The solvent 
was removed in vacuo, providing mPEG-SAc (0.64 g, 74%).  
 
Synthesis of mPEG-SH 
 
mPEG-SAc (405 mg, 0.5 mmol) was charged with 5 mL of 1M HCl and was refluxed at 110°C 
for 2 hours. The solvent was removed in vacuo. The residue was dissolved in 10 mL of DCM and 
the organic phase was washed twice with water. The organic layer was separated and dried over 
Na2SO4	and filtered through Celite. The solution was dried under vacuum to yield mPEG-SH (319 
mg, 83%). Product was stored under inert atmosphere.  
 
	
H3C O S16 O
H3C O SH16
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1. 3. Results  
1. 3. 1. Characterization of G2 Linker 
The 4-pentafluorophenyl (hydroxymethyl) benzene was characterized by 1H (Figure 1-7), 13C 
(Figure 1-8), and 19F (Figure 1-9) NMR spectroscopy. Similarly, 4-pentafluorophenyl 
(bromomethyl) benzene was characterized by 1H (Figure 1-10), 13C (Figure 1-11), and 19F 
(Figure 1-12) NMR spectroscopy. The results indicate successful synthesis and purification of the 
products. 
 
 
 
  
HO
F F
F
FF
Figure 1-7. 1H NMR spectrum of 4-pentafluorophenyl (hydroxymethyl) benzene in CDCl3. 
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Figure 1-8. 13C{1H} NMR spectrum of 4-pentafluorophenyl (hydroxymethyl) benzene in CDCl3. 
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Figure 1-9. 19F NMR spectrum of 4-pentafluorophenyl (hydroxymethyl) benzene in CDCl3. 
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Figure 1-10. 1H NMR spectrum of 4-pentafluorophenyl (bromomethyl) benzene in CDCl3. 
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Figure 1-11. 13C{1H} NMR spectrum of 4-pentafluorophenyl (bromomethyl) benzene in CDCl3. 
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Br
F F
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Figure 1-12. 19F NMR spectrum of 4-pentafluorophenyl (bromomethyl) benzene in CDCl3. 
	 15	
1. 3. 2. Characterization of mPEG-thiol Ligand 
All intermediates were characterized by 1H NMR spectroscopy. The spectra of mPEG-Br, mPEG-
SAc, and mPEG-SH are presented in Figure 1-13, Figure 1-14, and Figure 1-15 respectively.  
 
 
 
  
H3C O Br16
Figure 1-13. 1H NMR spectrum of mPEG-Br in CDCl3. 
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H3C O S16 O
Figure 1-13. 1H NMR spectrum of mPEG-SAc in CDCl3. 
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H3C O SH16
Figure 1-15. 1H NMR spectrum of mPEG-SH in CD2Cl2. 
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1. 4. Discussion and Future Steps 
In this work, OCNs were demonstrated to be tunable both in size and surface chemistry. 
Synthesis of linkers with different sizes enabled modification of the OCN size, whereas synthesis 
of thiolated ligands such as mPEG-SH facilitated alterations is hydrophilicity of the resulting 
OCN.  
The OCNs made with the G1 linker have altered reactivity towards thiolated ligands, 
compared to the OCNs made with the G2 linker, potentially due to sterics. To further investigate 
the role of the linker design in OCN reactivity and also to develop new OCNs, more complicated 
linkers can be employed. These linkers could have a longer chain of aromatic ring spacers, or have 
branched structures (Figure 1-16). These linkers would facilitate increase in particle size or 
number of ligand attachment points and result in generation of new OCNs with novel properties. 
 
 
 
 
 
 
 
 
 
  
Figure 1-16. The proposed designs of future OCN linkers.  
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Chapter 2: Towards Development of Histone Deacetylase Inhibitors Featuring Boron 
Cluster-Based Pharmacophores 
 
2. 1. Introduction 
In the nucleus of eukaryotic cells, DNA is wrapped around histone proteins. Each histone 
complex wraps a short stretch of DNA, approximately 146 base pairs, to form structures known as 
the nucleosomes. The DNA is packed into the nucleus in repeated units of nucleosomes, which in 
addition to condensing the DNA, serves as an avenue for regulation of gene transcription.1 Binding 
of DNA to histone proteins can potentially interfere with the access of transcription machinery to 
the DNA and repress gene transcription. This interference is highly dependent on the number of 
nucleosomes formed in the DNA, as well as the binding affinity between the DNA and the histone 
protein, and can be modulated by post-translational modification of histones (Figure 2-1). The N-
terminus of histones are susceptible to post-translational modifications by chromatin remodeling 
proteins, dictating the binding affinity of histones to the DNA.2,3  
 
 
 
 
 
 
Histone deacetylase (HDAC) enzymes are a class of chromatin remodeling proteins that 
catalyze hydrolysis of acetyl groups off of N-acetylated lysine residues on histone proteins.4 This 
transformation leads to a stronger electrostatic interaction between the DNA and histone proteins, 
condenses nucleosomes, and causes the chromatin to take a closed conformation. Transcription of 
Figure 2-1. Modulation of chromatin structure by chromatin remodeling enzymes. HDACs 
promote the closed conformation of chromatin and lead to lower transcription level. 
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the genes in the closed conformation of chromatin is hindered, thus the HDACs operate as 
regulatory elements for suppression of transcription.2,3 
Chromatin remodeling enzymes maintain the gene expression homeostasis, determining 
the genes that can be transcribed and their level of expression in the cell; consequently, defining 
the function of the cell. As a result, these enzymes are highly regulated. Misregulation is often 
associated with altered cell function and diseases. Amongst chromatin remodeling enzymes, 
HDACs are particularly of high importance since abnormal expression of these enzymes has been 
linked to many neurodegenerative diseases and cancers.5-8 Furthermore, multiple studies have 
demonstrated the association between exposure to cocaine and misregulation of HDACs in 
neurons, particularly in areas of the brain that are involved in reward circuitry and development of 
addiction.9,10 As gene regulators, HDACs have the potential to impose extremely stable and long-
lasting changes to the function of neurons, a hallmark of cocaine addiction. As a result, HDACs 
have become a critical target of studies that aim to uncover the underlying cellular mechanism of 
cocaine addiction.11 
Despite the established significance of HDACs in cocaine addiction, the link between the 
two has not been fully characterized yet, primarily due to lack of proper pharmacological tools to 
study HDACs in the brain.12 In many of these studies, small-molecule HDAC inhibitors are 
employed to track and modulate HDACs. However, a majority of HDAC inhibitors suffer from 
poor blood-brain barrier (BBB) permeability, which hinders in vivo monitoring of HDACs.13 
Furthermore, HDACs are a family of enzymes consisting of 19 isoforms.4 Such diversity expands 
the pool of HDAC substrates and binding partners, granting the HDACs the power to fine-tune 
their modulation of chromatin. However, it also complicates investigations into the role of HDACs 
in cocaine addiction, since each isoform needs to be selectively targeted. The majority of 
	 23	
developed HDAC inhibitors cannot distinguish between different isoforms and as a result are not 
suitable for cocaine addiction studies.14,15 Investigation of the association between cocaine 
addiction and misregulation of HDACs in the brain, calls for development of a new class of HDAC 
inhibitors that are both isoform-selective and BBB permeable. 
Research into development of small-molecule HDAC inhibitors has led to the discovery of 
effective inhibitors of HDACs. The design of many of these inhibitors follows the cap-linker-
chelator model (Figure 2-2a). In this model, the inhibitor is composed of three parts. First, a zinc-
chelating group that docks inside the HDAC active site and binds to the zinc atom located there. 
Second, a cap group that interacts with hydrophobic surface residues on the surface of HDAC 
protein and facilitates recognition and selectivity. Third, a linker moiety attaching the cap group 
to the chelator end (Figure 2-2b).16 The cap-linker-chelator model has led to discovery of potent 
inhibitors such as Vorinostat and Panobinostat, both FDA approved cancer treatment agents.17,18 
Nevertheless, neither one of these inhibitors are able to effectively breach the BBB.  
 
 
 
 
 
 
 
 	 
a b 
Figure 2-2. Panel a presents the structure of three potent HDAC inhibitors. The design of all three 
follows the cap-linker-chelator model. Panel b demonstrates the crystal structure of HDAC2 in 
complex with Vorinostat (PDB ID 4LXZ). The chelator sits inside the tunnel-shaped active site 
while the cap group interacts with surface residues. 
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In fact, to date, only a single example of a BBB permeable HDAC inhibitor has been 
reported. This inhibitor, known as Martinostat, was developed in 2014 by Hooker and coworkers 
and was successfully employed to non-invasively image HDACs in the central nervous system 
(CNS).19-21 The structure of Martinostat follows the well-known cap-linker-chelator model and 
displays three key features: 1) a hydroxamic acid moiety as the chelator to target the active site of 
HDAC, 2) an adamantyl hydrophobic cap group to potentially increase the cell, nuclear, and BBB 
permeability, and 3) a radioactive 11C label for in vivo tracing by positron emission tomography 
(PET) (Figure 2-3). It has been postulated that the 
incorporation of the highly hydrophobic three-
dimensional adamantane group has been the most 
contributing factor to the BBB permeability of 
Martinostat.19 
Although Martinostat has been a tremendous advancement for in vivo imaging of HDACs 
in the CNS, this inhibitor lacks the isoform-selectivity needed for implementation in cocaine 
addiction studies. In vitro binding assays with nine HDAC isoforms have determined that 
Martinostat has similar affinity for HDAC isoforms 1, 2, 3, and 6.19 Thus, the structure of 
Martinostat needs modifications in such manner that retains its BBB permeability, but alters the 
interactions between molecule and protein surface to establish isoform-selectivity. Since the cap 
group is involved in surface interaction, the best method to achieve isoform-selectivity is to 
selectively adjust the electronics of the cap group through chemical functionalization. Despite 
exhibiting the desired lipophilicity needed for membrane transport, Martinostat’s adamantane 
group is not well suited for functionalization. The C-H vertices lend few synthetic strategies to 
modification. However, icosahedral carboranes (C2B10H12), which are isosteric to adamantyl 
Figure 2-3. Martinostat labeled with 11C for 
in vivo PET imaging. 
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groups, are amenable to functionalization and may serve as an appropriate substitute for the 
adamantyl group for development of isoform-selective BBB permeable HDAC inhibitors.22 
Carboranes are a class of robust cluster molecules with interesting features such as three-
dimensional aromaticity and exceptional stability. Carborane is often regarded as the 3D analogue 
of benzene, and offers a large surface area for hydrophobic interactions. Furthermore, the polarity 
of carborane is highly tunable through chemical functionalization, due to electron delocalization 
on the surface of carborane cluster (Figure 2-4).23-25 Such characteristics are highly desirable in 
drug development; thus, incorporation of carboranes in design of pharmaceuticals, specifically as 
adamantane substitutes, has been an active area of research since it was first proposed by Plešek 
in 1992.25,26  
 
 
 
 
 
 
 
 
 
Unfortunately, limited scope of chemical modifications on carboranes has been a major 
setback to the establishment of carboranes as widely utilized pharmacophores. Recently, new 
chemical methods have emerged for efficient vertex-differentiated and dense functionalization of 
carborane clusters, facilitating potential use of carboranes as highly tunable 3-dimentional 
Figure 2-4. Carboranes are 3D aromatic analogues of benzene. These boron-rich clusters are extremely stable 
as a result of electron delocalization on their surface. The carborane shown in this figure is specifically a meta 
isomer as determined by the placement of its carbon vertices. 
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scaffolds.27,28 As a result, we aim to synthesize a Martinostat analogue, Carboranostat I, in order 
to determine if we can develop an HDAC inhibitor with the potential of BBB permeability and 
isoform-specificity (Figure 2-5). Herein, we report synthesis and characterization of 
Carboranostat I, as well as its inhibitory activity towards HDAC enzyme. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 2-5. The structure of the proposed HDAC inhibitor, Carboranostat I, resembles Martinostat. The 
carborane, however, can be densely functionalized, providing a substantial chemical space for diversity 
oriented synthesis and leading to potential development of BBB permeable, isoform-specific HDAC inhibitors.  
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2. 2. Methods 
2. 2. 1. Synthesis of Martinostat 
General Considerations 
The synthetic scheme for synthesis of Martinostat is depicted in Figure 2-6. This synthetic scheme 
is adapted from reports by Wang et al..19 Compound 1 was synthesized based on the report by 
Zhdanko et al..29 The 1-adamantane carbonitrile used in synthesis of 1P was purchased from Alfa 
Aesar. 
 
 
 
 
 
 
 
 
 
 
 
Synthesis of 1P 
 
To a solution of LiAlH4 (1.88 g, 49.6 mmol) in 80 mL dry diethyl ether, 1-adamantane carbonitrile 
(2.00 g, 12.4 mmol) dissolved in 30mL dry diethyl ether was added at 0°C. After 30 minutes the 
reaction was warmed up to room temperature and left to stir overnight under a positive flow of 
NH2
Figure 2-6. General scheme for synthesis of Martinostat (compound 1C). 
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nitrogen. The reaction mixture was then exposed to air, cooled to 0°C, and 1.88 mL H2O, 1.88 mL 
15% NaOH, and 5.64 mL H2O were added stepwise and very carefully to the reaction mixture. 
Stirring is continued until a white precipitate is formed. The mixture was then filtered through a 
glass frit and washed with 30mL diethyl ether. The filtrate was dried in air providing 1P as a white 
solid (1.89 g, 92%).  
 
 
Synthesis of 1A 
 
To a mixture of 1P (1.50 g, 9.08 mmol) and 1 (1.57 g, 8.25 mmol) in a round bottom flask, 50 mL 
dichloroethane was added and the solution was stirred overnight at room temperature. Upon 
confirmation of imine formation via 1H NMR, the solution was cooled to 0°C and sodium 
triacetoxyborohydride (3.85 g, 18.15 mmol) was added. After 45 minutes, the solution was 
warmed up to room temperature and stirred overnight. The reaction was quenched by addition of 
100 mL of 0.5M NaHCO3. The organic layer was separated and treated with another 100 mL of 
0.5M NaHCO3. Next, the organic layer was washed with 50 mL of DI water and dried over MgSO4. 
The mixture was filtered through Celite on a glass frit and dried in vacuo providing a yellow oil. 
The oil was dissolved in 5mL methanol and cooled to -15°C for at least 15 minutes. The white 
precipitate was filtered off and washed with cold methanol and cold diethyl ether to obtain the 
product 1A (2.12 g, 76%).  
 
 
O
O
N
H
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Synthesis of 1B 
 
To a solution of 1A (1.500 g, 4.42 mmol) in 90 mL methanol, formaldehyde (37% aqueous, 6 mL) 
was added followed by 0.30 mL acetic acid. The solution was stirred at room temperature for 2 
hours. The reaction mixture was cooled to 0°C and sodium triacetoxyborohydride (4.686 g, 22.11 
mmol) was added. After 45 minutes, the solution was warmed up to room temperature and stirred 
overnight. The solvent was then removed and the residue was dissolved in 100 mL methylene 
chloride and washed twice with 30 mL portions of saturated NaHCO3. The organic layer was 
washed with 50 mL DI water and then dried over MgSO4. The mixture was filtered through Celite 
on a glass frit and dried in vacuo providing a yellow oil. The oil was dissolved in minimal amount 
of 2:1 MeOH:Et2O solution and cooled at -15°C. The product, 1B, precipitated out of solution in 
form of white crystals (1.2773 g, 82%). 
 
 
Synthesis of 1C (Martinostat) 
 
1B (338 mg, 0.956 mmol, 1eq) was dissolved in 4 mL of 1:1 iPrOH:THF mixture. The solution 
was cooled to 0°C. Hydroxylamine (50% aqueous solution, 2.05 mL, 33.46 mmol, 35eq) and 1M 
NaOH (1.34 mL, 1.4eq) were added to the mixture, yielding a clear yellow solution. The solution 
was stirred at 0°C for 2.5 hours and then at room temperature for 4 hours. Next, the organic 
solvents were removed in vacuo, leaving a cloudy aqueous solution with pH around 12-13 (as 
O
O
N
CH3
N
H
O
OH
N
CH3
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measured by pH paper). Upon treatment with 1M HCl a white solid precipitate forms. Addition of 
HCl was continued until the solution turned neutral (pH 7 as indicated by pH paper). The 
supernatant was removed and the solid was washed with small portions of water 5 times. The solid 
was then lyophilized producing 1C as white powder (323 mg, 95%).  
 
 
2. 2. 2. Synthesis of Carboranostat I 
Carboranostat I was synthesized through the reaction scheme depicted in Figure 2-7. Compound 
1 was synthesized based on the report by Zhdanko et al..29 Compound 3P was prepared based on 
the report by Dziedic et al..27  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-7. General scheme for synthesis of Carboranostat I (compound 3C). 
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Synthesis of 3A 
 
3P (300 mg, 1.88 mmol, 1.1eq) and 1 (326 mg, 1.71 mmol, 1eq) were added to an oven-dried 
schlenk flask with a stir bar. The flask was purged with nitrogen 5 times. 30 mL dry methanol was 
syringed into the flask. The reaction was stirred for 2 days at room temperature until 1H NMR 
spectroscopy revealed complete conversion of 1 to the imine intermediate. Then the reaction 
mixture was cooled to 0°C and sodium triacetoxyborohydride (542 mg, 2.56 mmol, 1.5eq) was 
added to the solution under a positive flow of nitrogen. After 45 minutes, the solution was warmed 
up to room temperature and stirred overnight. The solvent was removed and the yellow residue 
was dissolved in 20 mL diethyl ether and washed with 20 mL DI water. The aqueous layer was 
extracted with 20 mL methylene chloride. The organic layers were combined and washed again 
20 mL of DI water. The organic layer was dried over MgSO4. The mixture was filtered through 
Celite on a glass frit and dried in vacuo providing the product 3A as a mixture (464 mg, 81%). 
 
 
Synthesis of 3B 
 
To a solution of 3A (460 mg, 1.38 mmol) in 25 mL methanol, formaldehyde (37% aqueous, 1.85 
mL) was added followed by 92 µL acetic acid. The solution was stirred at room temperature for 2 
hours. The reaction mixture was cooled to 0°C and sodium triacetoxyborohydride (440 mg, 2.08 
O
O
N
H
O
O
N
CH3
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mmol) was added. After 45 minutes, the solution was warmed up to room temperature and stirred 
overnight. The solvent was then removed and the residue was dissolved in 25 mL methylene 
chloride and washed three times with 25 mL portions of DI water. The organic layer was dried 
over MgSO4 and the mixture was filtered through Celite on a glass frit and dried in vacuo providing 
a yellow oil. The oil was purified via flash chromatography (eluent: 20% EtOAc in hexanes; Rf = 
0.6) through a silica column, using PdCl2 in HCl stain for visualization. The fractions containing 
the desired product were combined and dried. The residue was dissolved in minimal amount of 
3:1 MeOH:Et2O solution. The product, 3B, precipitated out of solution in form of white crystals 
(111 mg, 23%). 
 
 
Synthesis of 3C (Carboranostat I) 
 
3B (100 mg, 0.288 mmol, 1eq) was dissolved in 1.22 mL of 1:1 MeOH:THF mixture. The solution 
was cooled to 0°C. Hydroxylamine (50% aqueous solution, 610 µL, 10.073 mmol, 35eq) and 1M 
NaOH (407 µL, 1.43eq) were added to the mixture, yielding a clear light yellow solution. The 
solution was stirred at 0°C for 2 hours and then at room temperature for 2 hours. Next, the organic 
solvents were removed in vacuo, leaving a cloudy aqueous solution. Upon treatment with 1M HCl 
a white solid precipitate forms. Addition of HCl was continued until the solution turned neutral 
(pH 7 as indicated by pH paper). The supernatant was removed and the solid was washed with 
small portions of water 5 times. The solid was then lyophilized producing 3C as white powder (81 
mg, 81%).  
N
H
O
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N
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2. 2. 3. HDAC Binding Assay 
In order to assess the activity of the synthesized compounds towards inhibition of HDAC proteins 
in vitro, a fluorogenic HDAC assay kit was used. The kit was purchased from BPS Biosciences 
(cat# 50033) and used as instructed by the directions. The inhibitory activity of Martinostat and 
Carboranostat I towards HDAC2 enzyme was measured.  
 
 
 
 
 
 
In short, the kit functions through an indirect measurement of HDAC activity (Figure 2-8). First, 
the desired inhibitor is incubated with HDAC2 and a peptide substrate. The peptide substrate is a 
short peptide with an acetylated lysine incorporated in the sequence. The peptide substrate is also 
covalently attached to a fluorophore. The fluorophore is quenched a result of the covalent linkage 
to the peptide.  HDAC2 can deacetylase the substrate, however, based on the potency and 
concentration of the inhibitor incubated with the enzyme, the deacetylation of substrate will be 
hindered. The deacetylation reaction continues for 30 minutes, after which the HDAC activity is 
fully abolished by addition of a known and potent HDAC2 inhibitor (Trichostatin A) at high 
concentrations. Then the “developer enzyme” solution is added. The “developer enzyme” 
selectively breaks the covalent linkage between the fluorophore and the deacetylated peptide. 
Specifically, the developer will not break the linkage between the fluorophore and an acetylated 
peptide (intact substrate). Thus, the concentration of the fluorophore released is directly 
Figure 2-8. Fluorogenic HDAC assay kit can measure the potency of a test inhibitor through generation a 
fluorescence signal.   
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4
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proportional to HDAC activity during the deacetylation reaction. The higher fluorescence detected 
determines a higher HDAC activity, and as a result a lower inhibitor potency. Assessment of the 
fluorescence at various concentrations of a test inhibitor provides a measure for potency of the 
inhibitor.  
 
2. 3. Results 
2. 3. 1.  Characterization of Martinostat  
Compound 1P was characterized by 1H (Figure 2-9) and 13C{H} (Figure 2-10) NMR 
spectroscopy. 1A was also characterized by 1H (Figure 2-11) and 13C{H} (Figure 2-12) NMR 
spectroscopy. Compound 1B was characterized by 1H (Figure 2-13) and 13C{H} (Figure 2-14) 
NMR spectroscopy, as well as LCMS (Figure 2-15). Similarly, 1C was characterized by 1H 
(Figure 2-16) and 13C{H} (Figure 2-17) NMR spectroscopy, and LCMS (Figure 2-18). 
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Figure 2-9. 1H NMR spectrum of compound 1P in CDCl3. 
NH2
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Figure 2-10. 13C{1H} NMR spectrum of compound 1P in CDCl3. 
NH2
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Figure 2-11. 1H NMR spectrum of compound 1A in CDCl3. 
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Figure 2-12. 13C{1H} NMR spectrum of compound 1A in CDCl3. 
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Figure 2-13. 1H NMR spectrum of compound 1B in CDCl3. 
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Figure 2-14. 13C{1H} NMR spectrum of compound 1B in CDCl3. 
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Figure 2-15. LCMS TIC trace for 1B including mass spectrum.  
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Figure 2-16. 1H NMR spectrum of compound 1C in DMSO-d. Peak at 3.49 is water. 
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Figure 2-17. 13C{1H} NMR spectrum of compound 1C in DMSO-d. 
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Figure 2-18. LCMS TIC trace for 1C including mass spectrum.  
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2. 3. 2.  Characterization of Carboranostat I  
Compound 3A was characterized by 1H (Figure 2-19), 11B (Figure 2-20), and 11B{H} (Figure 2-
21) NMR spectroscopy. Compound 3B was also characterized by 1H (Figure 2-22), 11B (Figure 
2-23), and 11B{H} (Figure 2-24) NMR spectroscopy, as well as LCMS (Figure 2-25). Similarly, 
1C was characterized by 1H (Figure 2-26), 13C{H} (Figure 2-27), 11B (Figure 2-28), and 11B{H} 
(Figure 2-29) NMR spectroscopy, as well as LCMS (Figure 2-30). 
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Figure 2-19. 1H NMR spectrum of compound 3A in CDCl3. 
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Figure 2-20. 11B NMR spectrum of compound 3A in CDCl3. 
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Figure 2-21. 11B{1H} NMR spectrum of compound 3A in CDCl3. 
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Figure 2-22. 1H NMR spectrum of compound 3B in CDCl3. 
	 49	
 
 
 
 
  
O
O
N
CH3
Figure 2-23. 11B NMR spectrum of compound 3B in CDCl3. 
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Figure 2-24. 11B{1H} NMR spectrum of compound 3B in CDCl3. 
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Figure 2-25. LCMS TIC trace for 3B including mass spectrum.  
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Figure 2-26. 1H NMR spectrum of compound 3C in DMSO-d. Peak at 3.49 is water. 
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Figure 2-27. 13C{1H} NMR spectrum of compound 3C in DMSO-d. 
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Figure 2-28. 11B NMR spectrum of compound 3C in DMSO-d. 
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Figure 2-28. 11B{1H} NMR spectrum of compound 3C in DMSO-d. 
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Figure 2-30. LCMS TIC trace for 3C including mass spectrum.  
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2. 3. 3.  HDAC Binding Assay Analysis 
The results from the HDAC assay kit are presented in Figure 2-31. The blue and orange plots 
represent inhibition curves for Martinostat and Carboranostat I respectively. According to this 
data, Carboranostat I is not as effective in inhibition of HDAC2 as Martinostat. Compared to 
Martinostat, a higher concentration of Carboranostat I is required to cause the same amount of 
decrease in HDAC2 activity. 
 
 
 
 
 
 
  
 
  Figure 2-31. Comparison of Martinostat and Carboranostat I in inhibition potency towards HDAC2. On the 
graph, the percent activity of HDAC2 is depicted as a function of added inhibitor concentration. At 100% 
activity, no inhibition is observed and at 0% all HDAC activity is seized. Error bars represent standard error of 
mean (SEM).  
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2.4. Discussion and Future Steps 
The results indicate successful synthesis of Carboranostat I, an HDAC inhibitor analogue 
featuring a carborane as the cap group. Based on the in vitro binding assays, however, 
Carboranostat I exhibits lower HDAC inhibition activity compared to Martinostat. Reduced 
potency of Carboranostat I could perhaps be due to lack of a full chemical analogy between the 
two molecules. The structure of Martinostat incorporates a methylene group (-CH2) between the 
cap group—adamantane in this case—and the amine group on the linker. This methylene group is 
absent in the structure of Carboranostat I. This additional “spacer” group may be critical in granting 
adequate flexibility to the cap group and facilitating stronger binding. In order to investigate this 
hypothesis, we intend to synthesize another analogue, which incorporates the spacer group 
between carborane cap group and the linker (Figure 2-32).  
 
 
 
 
 
 
 
 
  
Figure 2-32. The structure of the new synthetic target, Carboranostat II, is depicted. Carboranostat II has a 
methylene spacer between the bulky cap group and the amine on the linker, as is the case with Martinostat. It is 
hypothesized that this spacer group would increase the flexibility of the cap group and lead to effective HDAC 
inhibition.   
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